The nucleotide sequence of the cottontail rabbit papillomavirus (CRPV or Shope papillomavirus) genome has been determined. The overall organization of the genome is similar to that of the other three papillomaviruses already sequenced. The amino acid sequences of the putative viral proteins were compared to the available protein data banks. Of particular interest is the homology found between the COOH terminus of the E2 putative protein of the different papillomaviruses and the viral or cellular mos oncogene product. This analysis also reveals a specific feature of the rabbit virus that may be related to its natural oncogenic potential.
Papillomaviruses belong to the papovaviridae family of DNA tumor viruses. They induce epithelial proliferations (warts) in higher vertebrates, including man (1) . Their growth cycle depends on the environment provided by terminally differentiating keratinocytes. No virus production has been obtained in tissue culture, even in human keratinocytes capable of differentiation in vitro (2) . For this reason, the knowledge of the genetic structure of these viruses had to await the molecular cloning of their genomes. Such clones permitted determination of the complete nucleotide sequences of three papillomavirus genomes. These include the human papillomaviruses (HPVs) la (3) and 6b (4) , which are associated with deep palmo-plantar and genital warts, respectively, and the bovine papillomavirus 1 (BPV1) (5) isolated from paragenital and cutaneous fibropapillomas of cattle. These studies have shown that the three genomes share common features: large open reading frames encoding homologous proteins are found at similar positions on one strand of the viral DNA. Among the strictly epitheliotropic papilloma viruses, the best studied is the cottontail rabbit papillomavirus (CRPV or Shope papillomavirus), first isolated from large horny warts of cottontail rabbits (6) . This virus is capable of inducing cutaneous papillomas under experimental conditions in domestic rabbits (6) . The progression of such benign lesions into metastasizing carcinomas is observed in up to 25% of infected cottontail rabbits and in up to 75% of infected domestic rabbits (7, 8) . Polycyclic hydrocarbons were shown to play a synergic role in this conversion (9) . CRPV thus provides an interesting example of natural multistage transformation involving a viral genome, associated to genetic and environmental factors. Furthermore, transplantable carcinomas (VX2 and VX7) isolated several decades ago from lesions of domestic rabbits and since passaged in animals, still contain multiple copies of the viral genome integrated as head-to-tail tandem repeats in the host chromosome (10, 11) and express two major species of viral mRNA (11, 12) . Further understanding of the biology of CRPV required the knowledge of its genome structure. We report here the determination of the complete nucleotide sequence of this viral DNA.
MATERIALS AND METHODS
Molecular Cloning and DNA Sequencing. Purified CRPV DNA was kindly provided by G. Orth. It was linearized by cleavage at the unique EcoRI site and inserted into the EcoRI site of the plasmid pBB3 (13) . CRPV DNA prepared from this recombinant plasmid was sonicated to yield subgenomic fragments, end-repaired, and inserted in the replicative forms of M13mp7, -mp8, and -mp9 (14, 15) vectors as described (3) . When necessary, defined restriction fragments of cloned CRPV DNA were directly inserted in the appropriate M13 vector.
The dideoxy chain-termination method (16) was used to sequence DNA inserts of the various M13 recombinants; most of the genome was sequenced twice on each strand. Ambiguous regions were sequenced again by end-labeling of specific fragments and partial chemical degradation, according to Maxam and Gilbert (17) . Sequence-gel data were stored and handled using computer programs described by Staden (18) .
For sequence comparison, the updated DNA sequences of HPV1a (3), BPV1 (5) and HPV6b (4) were used, with the modifications given by Schwartz et al. (4) .
Computer-Assisted Comparisons of Protein Sequences. Amino acid sequences deduced from the different open reading frames were screened against the National Biomedical Research Foundation (NBRF) and NEWAT (19) protein data banks, using a computer program developed by Claverie (20) . This program searches for homologies between a probe of 80 amino acids and the protein sequences of the bank, without allowing any gaps. The lower limit of detection was set at 20% (16 identical amino acids out of 80). We have chosen this relatively high level of homology to minimize the background of fortuitous homologies, despite the fact that the percentage of identity between some pairs of proteins thought to be related falls below the value of 20% (19) . A statistical option of this program shows that <0.1% of the homologies found between the probe and the sequences in the data banks are at the 20% level.
Homologies of interest were further analyzed by using a Needleman-Wunsh-derived algorithm (19, 21) . This widely used program is very powerful for comparing distantly relat-ed sequences (22 DNA sequence is presented in Fig. 1 . The numbering system i.e., the two sequences are thought to be evolutionarily relatwas chosen to match those of HPVla and BPV1, starting at ed (19) . The scores found during this work are at least 4 stantheir Hpa I site (4). dard deviations above mean, which means that the probabiliOpen Reading Frames. We examined the distribution of ty of fortuitous matches is <0.003% (22) . reading frames and found that all the significantly long open reading frames are located on one DNA strand (Fig. 2) , as seems to be the rule for all the papillomaviruses (4). The only important noncoding region lies between residues 7343 and 99. Comparison of CRPV and HPVla or BPV1 sequences reveals characteristic similarities at the nucleotide and amino acid levels; thus, the CRPV open reading frames could be classified as putative early (E) and late.(L) and numbered in accord with the nomenclature of HPVla (3) . However, in the absence of sufficient data about the productive cycle of papilloma viruses, it is not yet possible to define which coding regions are expressed before or after the replication of viral DNA. The E region-which represents 69% of the total viral genome-has been defined only as the sequences required for in vitro transformation of mouse cells by BPV1 (5) and for the maintenance of this DNA as a free episome (23) . The E region thus should carry the information required in cis and/or trans for these functions. An important advance would be to define a role in transformation or autonomous replication for the proteins encoded by the putative E open reading frames. We try here to tackle this problem in the light of their deduced amino acid sequences.
The El open reading frame. El is the largest open reading frame in the genome, encoding a 602 amino acid protein with a calculated molecular weight of -67,900. This hypothetical protein contains two domains: the NH2-terminal third diverges in primary sequence among the four viruses studied, whereas the remainder is very well conserved (24) . Even with the variable domain, introduction of some gaps reveals significant homologies (identical amino acids) or analogies (amino acids with similar biochemical functions) between the four sequences. This variability of the El protein NH2-terminal domain could be a consequence of looser evolutionary constraints exerted on this part of the molecule or reflect some functional specificity of each papillomavirus El protein.
This protein, which has some homology with the COOHterminal domain of the large tumor-antigen of simian virus 40 and polyoma (25) , seems to be involved in viral DNA replication and plasmid maintenance rather than in cell transformation, as suggested by the observation that BPV1 mutants deleted in the El region are capable of transforming NIH/ 3T3 cells but not of establishing themselves as multicopy nuclear plasmids (26) . Consistently, the VX2 carcinoma that harbors only integrated viral DNA contains two major mRNA species that are formed by the excision of the Elcontaining sequences (11) . Regions homologous to the plasmid-maintenance sequences of BPV1 (27) are found at the same location in the CRPV genome, suggesting that the papillomaviruses have a common mechanism for replicating their genomes extrachromosomally.
The E6 and E7 coding region. El is preceded by two smaller open reading frames, E6 and E7. The E6 protein is about twice as long in CRPV (273 amino acids, Mr -29,700) as in other papillomaviruses, whereas the size of the protein encoded by E7 (94 amino acids, Mr -10,500) is similar for all four genomes. The NH2-terminal region of E6 shows some low degree of homology with E6 of the other viruses, with a 4-fold repetition and homologous distribution of a Cys-XaaXaa-Cys tetrapeptide described previously (3, 28) . Of further interest is the analogy found between E6 of CRPV and the ,B chain of a family of ATP synthases from bovine mitochondria, spinach or maize chloroplasts, and Escherichia coli (29, 30) (Fig. 3) .
Our computer search showed two regions of moderate homology between E6 and the spinach ATP synthase 3-chain sequence: 25% identity with amino acids 237-312 of the spinach sequence and 21% with 408-484. The probability of finding such a double match is less than 10-6. Moreover, we arranged the sequences to achieve maximum alignment of homologous regions and found that homologies are observed unit is similar to -that found between the a and 13 subunits of the E. coli ATP synthase, thought to have arisen by a gene duplication event (30) .
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We tested the validity of these homologies with the Needleman-Wunsh-derived algorithm (21), as described in Materials and Methods, and obtained values of 8.16 for the first region of homology (residues 1-168 of E6) and 4.13 for the second one (residues 193-273 of E6), values that are considered highly significant (19) . Additionally, ATP synthase residues involved in AMP binding (29) are conserved in the E6 sequence (see Fig. 3 ) as is an aspartic acid residue that may be important for the binding of magnesium ions. The homology discussed here is high enough to suggest that the E6 open reading frame and the 13 chain of the ATP synthase family are evolutionarily related but not to predict a function or an enzymatic activity for the E6 gene product.
By screening the protein data banks, no meaningful homologies with the E7 putative gene product were detected. An unusual hydrophilic region of 11 residues beginning with a cluster of six acidic amino acids (Asp-Asp-Asp-Glu-GluAsp, starting at position 33) present in E7 is also found in simian virus 40 large tumor antigen (Asp-Asp-Asp-Asp-GluAsp, starting at position 633). A related acidic and hydrophilic domain exists in the open reading frame E7 of HPVla and of HPV6b, at positions 33 and 31, respectively. The putative E7 gene product of BPV1 seems to be somewhat different from the gene products of the three other viruses, as it is larger, much more hydrophobic, and shows less sequence conservation. However, the same pattern of cysteine residues is found in the putative proteins coded by the four viruses; i.e., the motif Cys-Xaa-Xaa-Cys, pointed out above in E6, is repeated twice in E7.
The E2 and E4 coding region. The E2 open reading frame encodes 390 amino acids (protein of Mr -44,000) and, as in the three other papillomaviruses already sequenced, overlaps with the open reading frame E4 (227 amino acids, Mr mo25,800). The putative E2 gene product would apparently be composed of three domains: the 100 NH2-terminal amino acids, which are well conserved (with up to 40-55% identity, taking the four viruses two by two); the internal part, which corresponds to the overlapping open reading frame, is quite variable, and is twice as long in CRPV; and the COOH-terminal region, which is also conserved among the four viruses.
From the data-bank search, an interesting homology was revealed between the COOH-terminal pait of the putative E2 gene product and a segment of the human c-mos proto-oncogene-encoded protein. The alignment of the four papillomavirus sequences together with the mouse and human c-moos sequences and with the closely related sequence of Moloney sarcoma virus v-mos gene products (31, 32) is shown in Fig.  4 . These alignments are statistically significant (alignment scores >5 for CRPV, HPV1, and HPV6b; see Materials and Methods). No other significant homologies were detected outside this conserved domain, and including the surrounding regions of the proteins in the comparison dramatically lowers the significance. However, because the homologous segment precisely corresponds to the conserved COOH terminus of the E2 putative protein, we believe that it should be considered as a functional domain. Consistently, this segment of the mos protein has been shown to be highly conserved when sequences of human, mouse, and rat origin are aligned (33) . This led to the suggestion that this domain is involved in some uncharacterized and evolutionarily retained function. Blair et dl. (34) suggested that the mostransforming activity would depend on the proper interaction of discrete protein domains. Such interactions between evolutionarily stable and variable domains could occur in the papillomavirus E2 proteins, with different conformations influencing the oncogenic potential of the viruses. Homologies between v-mos and c-src gene products and the catalytic chain of the cAMP-dependent bovine protein kinase have been reported (35) , suggesting that they are members of a superfamily of distantly related proteins. The degree of homology we show here is similar.
The Noncoding Region. The noncoding region, located between Li and E6 coding sequences, covers 678 nucleotides and is thus the smallest one among the four viruses. It begins after the Li termination codon with an A+T-rich region of about 100 bp, 70 of which are 49% homologous to the plasmid-maintenance sequence 1 of BPV1 (27) and are found exactly at the same location, but on the opposite strand. A polyadenylylation signal is situated at position 7396, in the middle of this A+T-rich region.
The analysis of the viral transcripts present in the VX2 carcinoma indicates that a promoter for RNA polymerase II should reside just upstream of the E6 open reading frame, as 5' ends of mRNAs have been mapped around positions 90 and 160 (unpublished results). Compatible "TATA boxes" are found upstream (T-A-T-A-T at nucleotide 59 and T-A-T-A-A at nucleotide 130). Also noteworthy is the sequence conserved in the four viruses that was used to define the first nucleotide of CRPV, which contains a "CAT-box"-like element.
The most striking common feature of the noncoding region is the existence of repeated sequences in the four viruses. These repeats are especially long and abundant in the CRPV noncoding region. A perfect repeat of 32 bp is found at positions 7709 and 7741, followed by the first 24 nucleotides of the same repeat (position 7773) and preceded by the first 13 nucleotides of this repeat (position 7689). More than 100 bp away is another direct repeat of 32 bp at positions 42 and 74. Interestingly, 7 nucleotides of this second repeat (G-C-A-A-C-C-G) are found in the first one but on the other strand. Altogether, this short sequence is repeated 5 times on one strand and twice on the other and thus could permit multiple secondary structures of single-stranded DNA or viral-encoded RNA. Such repetitions in a region upstream of tran-Proc. Nati. Acad. Sci. USA 82 (1985) scription start are reminiscent of repetitions present in the promoter/enhancer sequences of simian virus 40 or retrovirus long terminal repeats (36 (1) . Malignant conversion of HPV6b-associated lesions is rarely observed and HPV1a has never been found associated with carcinomas. Studies with BPV1 indicate that the genome portion that contains the E2, E4 , and E5 open reading frames may be sufficient for transformation of C127 mouse cells in culture (26) . Unfortunately, no virus-encoded E-region proteins have been detected, In the case of CRPV, recent studies have shown that two major RNA species containing sequences from the 5' and 3' ends of the E region are present in the VX2 carcinomas; the same RNA species although in different proportions are also present in rabbit papillomas (12) . We have recently found, by using nuclease mapping, that these two mRNAs can code for only E6 and E7 products. Only minor mRNA species coding for the entire E2 region could be detected (unpublished results). These findings suggest that the E6-and E7-encoded proteins are present in the CRPV-transformed cells and that their synthesis may be related to the oncogenic properties of the virus. The peculiar sequence of the E6 protein of CRPV may distinguish this virus from the other papillomaviruses. The role of minor E2 transcripts in the transformation process is currently unknown. An E2 transforming protein could be active at very low levels, as suggested by the homology reported here with a domain of the mos "oncoprotein," which is a relatively minor protein in Moloney sarcoma virus-transfortned cells (37) . However, the presence of the viral gene products from both the E6 and E2 region may not be sufficient for the conversion of papillomas into carcinomas. The latency observed and the effect of cocarcinogens suggest that some modifications in the genetic structure of the host cells may be required during this conversion. The availability of the DNA sequence now permits further studies of the biological properties of viral genomes modified in vitro that should unravel the role of the different early viral proteins in the oncogenic process.
